Objective-Obese adipose tissue shows hallmarks of chronic inflammation, which promotes the development of metabolic disorders. The mechanisms by which immune cells interact with each other or with metabolism-associated cell types, and the players involved, are still unclear. The CD40-CD40L costimulatory dyad plays a pivotal role in immune responses and in diseases such as atherosclerosis and may therefore be a mediator of obesity. Here we investigated whether CD40L is involved in adipose tissue inflammation and its associated metabolic changes. Methods and Results-To assess a putative role of CD40L in obesity in vivo, we evaluated metabolic and inflammatory consequences of 18 weeks of high-fat feeding in CD40L ϩ/ϩ and CD40L Ϫ/Ϫ mice. In addition, C57Bl6 mice were injected with neutralizing anti-CD40L (␣CD40L) antibody for 12 weeks while being fed a high-fat diet. Genetic deficiency of CD40L attenuated the development of diet-induced obesity, hepatic steatosis, and increased systemic insulin sensitivity. In adipose tissue, it impaired obesity-induced immune cell infiltration and the associated deterioration of glucose and lipid metabolism. Accordingly, ␣CD40L treatment improved systemic insulin sensitivity, glucose tolerance, and CD4 ϩ T-cell infiltration in adipose tissue with limited effects on adipose tissue weight.
I n recent years, it has become clear that obesity is associated with a chronic, low-grade inflammatory state, considered responsible for the development of insulin resistance, type 2 diabetes, and atherosclerosis. 1, 2 Obese adipose tissue shows hallmarks of chronic inflammation, with the involvement of T-cell subsets such as Th1, 3 Th2, 4 Th17, 5 regulatory T cells, 6 -8 and macrophage subsets, 9, 10 and also of other immune cells such as mast cells. 11 These immune cells, their cell-cell interactions, and their interactions with adipocytes result in an increased expression of leukocyte adhesion molecules, 12 chemokines, and cytokines in adipose tissue, 13 thereby enhancing the inflammatory response and affecting insulin signaling. 14 Although extensive research is dedicated to the effects of inflammation on obesity-related complications, little is known about the immunologic pathways and factors that initiate, regulate, and amplify the inflammatory cascade during obesity.
The CD40-CD40L dyad, known as a costimulatory receptor-ligand pair, plays an important role in enhancing and regulating immune responses, as well as inflammation, and contributes to a plethora of chronic inflammatory diseases, such as colitis, Crohn's disease, allergic encephalitis, and multiple sclerosis. 15 Disruption of the CD40L gene or inhibition of CD40L with different antibodies in ApoE Ϫ/Ϫ and LDL-R Ϫ/Ϫ mice abrogates atherosclerosis and results in plaques that are extremely low in inflammation and high in fibrosis, the equivalent of a clinically preferable, stable atherosclerotic plaque in humans. 16 -18 CD40L is predominantly expressed by CD4 ϩ T cells and activated platelets and displays a variable expression in several other cell types, such as macrophages, mast cells, endothelial cells, and vascular smooth muscle cells. 19 Interestingly, 2 studies have shown that the CD40-CD40L dyad is involved in obesity-associated inflammatory processes. 20, 21 We have previously reported that CD40 mRNA levels in adipose tissue were correlated with body mass index and that CD40 was not only expressed in the stromal adipose fraction containing immune cells, but also on the adipocyte itself. 20 Stimulation of human adipocytes by recombinant sCD40L or activated T lymphocytes elicited the production of proinflammatory adipokines and in addition decreased the expression of insulin signaling molecules such as glut4 and IRS-1. 20 This phenomenon required activation of mitogen-activated protein kinase (MAPK) and IB/nuclear factor-B pathways. 18 The study by Missiou et al confirmed these results and showed that supernatants of CD40L-stimulated adipocytes induced the activation of endothelial cells. 21 Interestingly, patients afflicted by obesity, 22 type 2 diabetes, 23, 24 and the metabolic syndrome 25 exhibit elevated serum sCD40L levels that can be modulated by antidiabetic treatments. 26 Considering the important role of CD40-CD40L in inflammation, its effects on chronic inflammatory diseases, and our previous data showing involvement of CD40L in adipocyte stimulation, we hypothesize that CD40L plays a pivotal role in initiating and amplifying the chronic low-grade inflammatory status in adipose tissue, thereby inducing obesity-related metabolic complications. Our study reveals that genetic CD40L deficiency and neutralizing ␣CD40L antibody treatment impair the development of inflammation in adipose tissue and obesity-induced metabolic disturbances, indicating a role for CD40L in the pathogenesis of metabolic disorders. -stained liver sections from obese WT and CD40L Ϫ/Ϫ mice (magnification, ϫ20). KO indicates CD40L knockout. mRNA levels in WT (white bars) and CD40L Ϫ/Ϫ liver (black bars) of genes involved in lipid metabolism were as follows: F, glucokinase (GK) and liver-specific pyruvate kinase (LPK); G, ATP-citrate lyase (Acly), acetyl-coenzyme A carboxylase 1 (ACC1), fatty acid synthase (FAS), elongase of long chain fatty acid family 6 (ELOVL6), stearyl-coenzyme A desaturase (SCD-1); H, CD36; and I, sterol regulatory element-binding protein (SREBP1c) and peroxisome proliferator-activated receptor-␥ (PPAR␥). *PϽ0.05, ***PϽ0.001 for comparison between obese and lean mice within each genotype. †PϽ0.05 for comparison between genotypes after the same diet. nϭ7 and 8 for SFD and HFD-fed WT mice, respectively; nϭ5 to 6 for CD40L Ϫ/Ϫ mice.
Methods
For expanded methods, see the supplemental materials, available online at http://atvb.ahajournals.org.
Animals
CD40L Ϫ/Ϫ , CD40L ϩ/ϩ mice (100% C57Bl6J background) and C57Bl6J mice were fed a standard-fat diet (70% kcal carbohydrate, 10% kcal fat, 20% kcal protein, 3.68 kcal/g, SDS, Special Diets Services, Witham, United Kingdom) or high-fat diet (HFD) (35% kcal carbohydrate, 45% kcal fat, 20% kcal protein, 4.54 kcal/g, SDS, Special Diets Services). Two experimental studies were completed: (1) CD40L Ϫ/Ϫ and CD40L ϩ/ϩ mice fed the standard-fat diet or HFD for 18 weeks starting at 6 to 12 weeks of age; and (2) C57Bl6 mice intraperitoneally injected with neutralizing anti-CD40L (␣CD40L, clone MR-1) or control IgG antibodies (200 g twice per week) and fed the HFD for 12 weeks over the same period beginning at 8 weeks of age.
Biochemical Measurements and Glucose/Insulin Tolerance Tests
A glucose tolerance test and an insulin tolerance test were performed, and fasting insulin levels were measured. The homeostasis model assessment of insulin resistance was calculated. Cholesterol, CXCL-10, interleukin (IL)-6, and leptin levels were determined in plasma.
Flow Cytometric Analysis
Stromal-vascular cells were isolated from epididymal adipose tissue (epiAT). Fluorescence-activated cell sorting for CD3, CD4, CD8, CD25, FoxP3, Ly6G, B220, CD11c, and CD19 was performed on stromal-vascular cells and splenocytes. 27, 28 
Morphometry and Immunohistochemistry
Immunohistochemistry for CD3 and macrophages was performed on epiAT and subcutaneous adipose tissue (scAT). Liver sections were stained with hematoxylin-eosin, Sirius Red, and Oil Red O and used to determine the degree of steatosis and nonalcoholic steatohepatitis (NASH) as indicated by the NASH clinical research network. 29
Real-Time Polymerase Chain Reaction
Primer sequences are available on request.
Statistical Analysis
Results are meanϮSEM. A Mann-Whitney U test or a 2-way ANOVA was used. Significance was set at PϽ0.05.
Results

CD40L ؊/؊ Mice Are Protected From Weight Gain
On the standard-fat diet, a slight but significant decrease in body weight gain was observed in CD40L Ϫ/Ϫ mice ( Figure  1A ). However, scAT, epiAT, brown adipose tissue, and liver weights were not affected by CD40L deficiency (Table) . Food intake was also not different, but feeding efficiency was significantly less in CD40L Ϫ/Ϫ mice, suggesting a higher energy expenditure in absence of CD40L signaling.
In HFD-fed obese CD40L Ϫ/Ϫ mice, body weight gain, as well as food intake and feeding efficiency, was strongly reduced compared with obese wild-type (WT) mice ( Figure  1A and Table) . In addition, scAT and liver weights tended to decrease (Table) . This indicates that during obesity, absence of CD40L reduces food intake and feeding efficiency and that fat pads and other fat-accumulating tissues, such as liver, tend to weigh less, thereby contributing to the reduction in total body weight. Surprisingly, adipocyte size of epiAT but not that of scAT increased in obese CD40L Ϫ/Ϫ mice. In brown adipose tissue, mRNA levels of uncoupling protein-1 were increased (Supplemental Figure I) , indicating that deficiency of CD40L increases thermogenesis, thereby preventing body weight gain. Moreover, plasma leptin levels decreased in CD40L Ϫ/Ϫ mice (Table) . This seems inconsistent with the reduction in food intake, but considering its role in regulating energy intake and expenditure, this is in accordance with the lower body weights in CD40L Ϫ/Ϫ mice.
Table. Characteristics of Wild-Type (WT) and CD40L ؊/؊ Mice Subjected to a Standard-Fat Diet (SFD) or a High-Fat Diet (HFD) for 18 wk
WT-SFD CD40L Ϫ/Ϫ SFD WT-HFD CD40L Ϫ/
CD3 + T cell accumulation
CD40L Deficiency Improves Insulin Resistance
In lean mice, deficiency of CD40L did not affect fasting blood glucose, plasma insulin levels, or insulin sensitivity as measured by the homeostasis model assessment of insulin resistance (Table) . However, in obese CD40L Ϫ/Ϫ mice, both plasma insulin levels and the homeostasis model assessment of insulin resistance were reduced ( Table) . Likewise, the insulin tolerance test displayed higher insulin sensitivity in CD40L Ϫ/Ϫ than in WT animals, as indicated by the lower levels of blood glucose after insulin injection ( Figure 1B ). However, CD40L Ϫ/Ϫ mice were not more glucose tolerant according to the glucose tolerance test ( Figure 1C ), which could be attributed to their lower baseline insulin level (Table) . Absence of CD40L did not affect plasma cholesterol levels (Table) . These results reveal that obese CD40L Ϫ/Ϫ mice are partially protected against the impaired insulin sensitivity associated with obesity.
CD40L Deficiency Attenuates Obesity-Induced Hepatic Steatosis
After the induction of diet-induced obesity, liver weights increase because of steatosis. 30 Surprisingly, hepatic steatosis was only infrequently present in CD40L Ϫ/Ϫ mice (Table) . Histological analysis revealed that 75% of WT mice developed NASH, whereas only 25% of CD40L Ϫ/Ϫ mice displayed some signs of NASH. Moreover, livers of CD40L Ϫ/Ϫ mice were protected against steatosis, foamy degeneration, ballooning, and lobular inflammation ( Figure 1D and 1E) .
Altered signaling in a number of biological pathways, including glycolysis, fatty acid synthesis, and fat uptake, is associated with liver steatosis. 31 Indeed, expression of 2 major glycolytic genes, glucokinase and liver-specific pyruvate kinase, was reduced in livers of obese CD40L Ϫ/Ϫ mice ( Figure 1F ). Furthermore, livers of CD40L Ϫ/Ϫ mice tended to have a reduced expression of a number of genes involved in de novo lipid synthesis, such as the genes for ATP-citrate lyase, acetyl-coenzyme A carboxylase, and stearyl-coenzyme A desaturase ( Figure 1G ), and had a significantly reduced expression of the mRNA levels of the fatty acid transporter CD36 ( Figure 1H ). Consistent with decreased steatosis, the lipogenic transcription factor peroxisome proliferator-activated receptor-␥ and sterol regulatory element-binding protein-1c were reduced in livers of CD40L Ϫ/Ϫ mice ( Figure 1I) .
These data indicate that CD40L deficiency attenuates obesity-induced deterioration of glucose and lipid homeostasis, as well as hepatic steatosis.
CD40L Deficiency Alters Obesity-Associated Inflammation
Surprisingly, the obesity associated increase in immune cells was reduced in CD40L Ϫ/Ϫ mice compared with WT mice. CD3 ϩ T-cell numbers, as well as the number of T-cell crown-like structures (CLSs), were lower in epiAT of obese CD40L Ϫ/Ϫ mice than in obese WT mice (Figure 2A to 2C) , as were the number of macrophages and the number of macrophage CLSs (Figure 2D to 2F) . In contrast to the epiAT, scAT contained fewer immune cells that were more dispersed and rarely seen in clusters. However, a similar reduction in T-cell and macrophage content was also detected in scAT of obese CD40L Ϫ/Ϫ mice (CD3 ϩ T-cell infiltration in WT versus CD40L Ϫ/Ϫ : 20.7Ϯ3.9 versus 12.9Ϯ2.0 CD3 ϩ per 100 adipocytes, macrophage infiltration in WT versus CD40L Ϫ/Ϫ : 12.0Ϯ2.9 versus 3.9Ϯ1.9 per 100 adipocytes).
Fluorescence-activated cell sorting analysis of the stromal vascular fraction revealed that in epiAT, induction of obesity resulted in an increase of the CD3 ϩ T-cell fraction ( Figure  2G ). Within this CD3 ϩ T-cell fraction, clear populations of CD8 ϩ , CD4 ϩ , and CD4 Ϫ CD8 Ϫ T cells could be identified. On induction of obesity, the fraction of CD8 ϩ cells significantly increased in WT epiAT, whereas CD40L deficiency prevented this increase ( Figure 2G and 2H ). As reported before, 6 -8 we detected a greater subfraction of CD4 ϩ CD25 ϩ FoxP3 ϩ regulatory T cells in epiAT compared with lymphoid organs, such as spleen and lymph nodes (Supplemental Figure II) . Interestingly, the amount of regulatory T cells was even higher in epiAT of CD40L deficient mice ( Figure 2J ). This suggests that deficiency of CD40L induces immune modulation in obese adipose tissue. Likewise, conventional dendritic cells (CD11c ϩhigh B220 Ϫ gated on non-CD3 ϩ CD19 ϩ cells) were abundantly present in adipose tissue of obese WT mice, but not in obese CD40L Ϫ/Ϫ mice ( Figure 2K ).
Figure 2. (Continued)
Immune cell accumulation in epididymal adipose tissue. A to F, Immunohistochemical analysis of CD3 ϩ T cells (arrows) and macrophages (arrows) in epiAT from lean and obese wild-type (WT) and CD40L Ϫ/Ϫ mice after 18 weeks of diet. Graphs in B, C, E, and F represent the number of positive cells per 100 adipocytes and the numbers of crown-like structures/field in each group. *PϽ0.05, **PϽ0.01 for comparison between obese and lean mice within each genotype. †PϽ0.05 for comparison between genotypes mice after the same diet. SFD indicates standard-fat diet; HFD, high-fat diet. G to K, Fluorescence-activated cell sorting analysis of the stromal vascular fraction from the epiAT of WT (white bars) and CD40L Ϫ/Ϫ mice (black bars) fed an SFD or HFD for 18 weeks. The fractions of CD3 ϩ , CD8 ϩ , CD4 ϩ T cells, regulatory T-cells (CD4 ϩ CD25 ϩ FoxP3 ϩ ), and conventional dendritic cells (CD11c high B220 Ϫ gated on non-CD3 ϩ CD19 ϩ cells) was determined in the immune cell gate of the stromal vascular fraction. nϭ7 and 8 for SFD and HFD-fed WT mice, respectively; nϭ5 to 6 for CD40L Ϫ/Ϫ mice.
In concordance with the flow cytometry data and immunohistochemistry data, epiAT of CD40L Ϫ/Ϫ mice showed a reduced expression of inflammatory mediators, such as monocyte chemoattractant protein-1 and IL-6 ( Figure 3A ). In addition, CD40L deficiency reduced the expression of the Th1 cytokines interferon-␥, regulated on activation normal T-cell expressed and secreted, tumor necrosis factor-␣, and IL-12; reduced the expression of the macrophage markers F4/80, CD68, and CSFR-1; and induced the expression of the antiinflammatory M2 macrophage marker CD163 ( Figure 3A and 3B).
Concomitant with an increased inflammatory state, obesity decreased the expression of genes required for lipid metabolism and insulin signaling in WT mice. This decrease was prevented in CD40L Ϫ/Ϫ mice, where mRNA levels of genes involved in adipocyte function, such as lipe (hormonesensitive lipase) and gpam (glycerol-3-phosphate acyltransferase, mitochondria), were higher than in WT adipose tissue ( Figure 3C ). Also, adiponectin mRNA levels were higher in obese adipose tissue of CD40L Ϫ/Ϫ compared with that of WT mice ( Figure 3C ). A similar but less pronounced effect of CD40L deficiency was observed in scAT for genes involved in lipid metabolism, adiponectin, and other inflammatory cytokines, such as IL-6, tumor necrosis factor, and the macrophage marker CD68 (Supplemental Figure III) . In addition to local inflammation in AT, obesity also increased plasma levels of leptin and the inflammatory cytokines CXCL-10 and IL-6. These levels were reduced in CD40L Ϫ/Ϫ mice (Table) .
Overall, these data show that CD40L Ϫ/Ϫ mice are protected against obesity-induced immune cell accumulation and activation in adipose tissues and in the circulation.
Anti-CD40L (␣CD40L) Treatment Prevents Obesity-Associated Anomalies
To examine the potential of therapeutic inhibition of CD40L during obesity, we examined the effects of a CD40L inhibiting antibody on the inflammatory and metabolic responses in our diet-induced obesity model. Antibody treatment was continued for only 12 weeks to prevent the formation of autoreactive antibodies. To confirm the effectiveness of ␣CD40L treatment, immune cell activation and composition of the spleen was analyzed by fluorescence-activated cell sorting. After 12 weeks of antibody treatment, we were able to show that CD3 ϩ , CD4 ϩ , CD4 ϩ FoxP3 ϩ , and CD11c ϩhigh B220 Ϫ cell contents were reduced (Figure 4) . After the 12-week treatment period, mice had developed intermediate obesity compared with the first study ( Figure  5A ). As in the CD40L Ϫ/Ϫ mouse study, total body weight and scAT, epiAT, and liver weights tended to be lower in ␣CD40L-treated mice (Figure 5A to 5D) . As in CD40Ldeficient mice, food intake was reduced on inhibition of CD40L ( Figure 5E ).
In intermediate obesity, treatment with the ␣CD40L antibody significantly increased glucose tolerance, as well as insulin sensitivity, and lowered plasma insulin levels ( Figure  5F to 5H ). In addition, IL-6 and leptin plasma levels tended to be diminished (IL-6, IgG-treated versus ␣CD40L-treated mice, 8.7Ϯ3.7 versus 2.8Ϯ0.9; leptin, IgG-treated versus ␣CD40L-treated mice, 14.6Ϯ4.2 versus 10.2Ϯ2.1).
Quantitative immunohistochemistry provided a tendency similar to that observed in CD40L Ϫ/Ϫ mice. The number of CD3 ϩ cells and macrophages, as well as the number of CLSs, were reduced in ␣CD40L-treated mice (number of CD3 ϩ T cells per 100 adipocytes: 30.0Ϯ6.0 versus 19.7Ϯ3.6, Pϭ0.09; number of CD3 ϩ CLSs/field: 0.5Ϯ0.2 versus 0.1Ϯ0.04, PϽ0.05; number of macrophages/100 adipocytes: 18.3Ϯ4.2 versus 10.6Ϯ2.7; number of macrophages CLSs/ field: 0.5Ϯ0.2 versus 0.1Ϯ0.0, PϽ0.05 for control versus ␣CD40L-treated mice). Fluorescence-activated cell sorting analysis in epiAT of ␣CD40L-treated mice showed an intermediate activation state of the immune system compared with the CD40L Ϫ/Ϫ mouse study. First of all, the CD3 ϩ T-cell fraction of the stromal vascular fraction was not altered, nor was the CD8 ϩ T-cell fraction within the CD3 ϩ gate. However, the CD4 ϩ T-cell fraction had decreased, without affecting the regulatory T-cell fraction, suggesting that ␣CD40L treatment during intermediate obesity reduces the number of T-effector cells ( Figure 5I to 5M) . Furthermore the expression of major histocompatibility complex II on antigen-presenting cells was reduced on treatment ( Figure 5L ), suggesting fewer T-cell receptor-major histocompatibility complex II interactions and thereby less activation of the immune system. As shown in our first experiment, immune regulation by regulatory T cells seems to be an event that occurs in more severe stages of obesity, whereas reduced immune cell activation occurs in moderate obesity.
Discussion
The communication between cells of the innate 32 and adaptive 6, 7 immune system is key in the pathogenesis of obesity, a disease in which the immune system not only mediates obesity-induced (tissue) inflammation but also affects metabolic processes. The main communicators of the immune system are costimulatory molecules, implying a profound role for this family in the pathogenesis of obesity. 28, 33 In the present study, we identified the costimulatory molecule CD40L as a an important player in intermediate and severe forms of diet-induced obesity. In general, deficiency of CD40L reduced the amount of immune cell infiltration in adipose tissue. In a model of intermediate obesity (12 weeks of HFD), a clear reduction in the CD4 ϩ effector T-cell fraction, associated with an improved insulin resistance, 6 as well as a decrease in the antigen presenting capacity of the dendritic cells were observed after inhibition of CD40L. In a severe obesity model (18 weeks of HFD), deficiency of CD40L decreased the CD8ϩ T-cell fraction, the T-cell subtype associated with adipose tissue inflammation and activation of adipose tissue macrophages, 6 and strongly increased the fraction of regulatory T cells. We can therefore conclude that during the progression of obesity, the effect of CD40L inhibition switches from mere downregulation of T-cell activation to a mode of strong immune modulation.
Besides mediating (AT) inflammation, T cells and macrophages have recently been shown to contribute to metabolic dysfunction, such as insulin resistance and fat distribution, such as occurs in diet-induced obesity. Genetic and immunologic depletion of CD8ϩ T cells improves insulin resistance in obesity, whereas CD8ϩ T-cell adoptive transfer aggravates metabolic dysfunction. 6 The balance between CD4ϩ effector T cells and regulatory T cells in AT affects metabolic functions, with a clear beneficial role for regulatory T cells. 7 Interestingly, a reduction of macrophages and CLSs in AT, as well as a reduction in classically activated macrophages, not only reduces AT inflammation but also ameliorates hepatic steatosis and improves glucose homeostasis and insulin sensitivity. 10, 34 Consistent with these studies, the attenuated CD8 ϩ T cell response and the increase in regulatory T-cells in our CD40L Ϫ/Ϫ mice with severe obesity, the decrease in CD4ϩ effector T cells in AT of ␣CD40L antibody-treated mice with intermediate obesity, the reduction in macrophage accumulation, and the switch to alternatively activated macrophages coincided with a reduction in weight gain, decreased insulin plasma levels, and an improved systemic insulin resistance.
Steatosis and NASH are strongly associated with obesity and insulin resistance and are now recognized as being part of the metabolic syndrome. 35, 36 We found that in CD40L Ϫ/Ϫ mice, liver steatosis and NASH were strongly reduced, as were the expression levels of genes involved in glycolysis, fatty acid synthesis, and fat uptake. Contrary to our results, Villeneuve et al 37 found that CD40L was protective against the development of steatosis after administration of olive oil. However, the different dietary stresses that are used in the 2 models may be accountable for this difference.
Both genetic deficiency of CD40L and inhibition of CD40L by antibody treatment reduced food intake, thereby preventing body weight gain. Remarkably, leptin levels were lower. Because decreased leptin levels are expected to decrease satiety and increase food intake, other mechanisms may play a role. 38 It is very possible that the absence of CD40L protects against the development of leptin resistance, which is usually associated with obesity. 39 On the other hand, leptin is not the only factor associated with the regulation of appetite and energy expenditure. Reduced food intake could for example be caused by alterations of neuropeptide Y or proopiomelacortin levels in the central nervous system. 40 Another function of leptin is the activation of immune cells. For example, leptin polarizes T cells toward a Th1 phenotype, thereby inducing proatherogenic cytokine production. 41, 42 Moreover, in murine dendritic cells, leptin has been shown to induce CD40 expression and drive T-cell proliferation. 43 In our study, the reduced leptin levels may have contributed to the observed antiinflammatory phenotype.
Although it is difficult to distinguish the primary effects of CD40L deficiency on metabolic parameters from secondary effects, such as reduced food intake and impaired body weight gain, we believe that CD40L directly affects metabolism, independently of the reduction in weight gain. For example, despite the strong reduction in body weight in CD40L Ϫ/Ϫ mice, their epiAT weight was virtually similar. Epididymal adipocyte size was even higher in CD40L Ϫ/Ϫ mice. Interestingly, expression of genes involved in lipid metabolism, such as lipe and gpam stayed elevated, whereas they are known to be downregulated in obese adipose tissue. 44, 45 This indicates that in CD40L Ϫ/Ϫ mice, lipogenesis and lipolysis do not shut down during obesity, which may be responsible for their protection against weight gain and fat accumulation in other regions of the body, such as the liver. Indeed, in obesity, counterintuitive lipogenesis can represent a decreased capacity to store the excess circulating triglycerides and induce ectopic fat accumulation. 44 A high level of uncoupling protein-1, with its unique expression in brown adipose tissue, could further explain the protection against body-weight gain in CD40L Ϫ/Ϫ mice. Brown adipose tissue is specialized for thermogenic energy expenditure and provides a natural defense against cold and obesity. 46 Moreover, the finding that neutralizing anti-CD40L antibody treatment did not affect body weight but improved systemic insulin action indicates an important metabolic role for the CD40L protein independent of the weight. These data suggest a direct effect of CD40L on the insulin pathway independent of inflammatory reaction.
Collectively, we have identified a crucial role for the costimulatory molecule CD40L in obesity, obesity-induced activation of the immune system, and metabolic parameters such as insulin sensitivity in vivo. Our data increase the knowledge about the mechanisms underlying the inflammatory and inflammatoryinduced metabolic changes in obese adipose tissue and raise the potential to identify new therapeutic targets in the CD40L pathway that may prevent or ameliorate obesity and obesityrelated vascular comorbidities.
